In Saccharomyces cerevisiae, the MET25 gene encodes O-acetylhomoserine sulfhydrylase. Synthesis of this enzyme is repressed by the presence of S-adenosylmethionine (AdoMet) in the growth medium. We identified cis elements required for MET25 expression by analyzing small deletions in the MET25 promoter region. The results revealed a regulatory region, acting as an upstream activation site, that activated transcription of MET25 in the absence of methionine or AdoMet. We found that, for the most part, repression of MET25 expression was due to a lack of activation at this site, reinforced by an independent repression mechanism. The activation region contained a repeated dyad sequence that is also found in the promoter regions of other unlinked but coordinately regulated genes (MET3, MET2, and SAM2). We show that the presence of the two dyads is necessary for maximal gene expression. Moreover, we demonstrate that in addition to this transcriptional regulation, a posttranscriptional regulation, probably targeted at the 5' region of mRNA, is involved in MET25 expression.
Synthesis of the enzymes of methionine metabolism in Saccharomyces cerevisiae is repressed during growth in the presence of methionine. This amino acid is transformed rapidly into S-adenosylmethionine (AdoMet), and we have previously shown that externally added AdoMet promotes repression of synthesis of the same enzymes as does methionine (5) . Further studies have shown that intracellular AdoMet is the true effector of this negative regulation; therefore, it can be considered the end product of the methionine pathway (5, 6, 27) .
As shown by Cantoni (2) , AdoMet is a ubiquitous metabolite involved in almost as many reactions as ATP. The precise balance of the internal pool of AdoMet is therefore probably crucial for the cell, and this balance is evidently due to the regulation of AdoMet biosynthesis. An interesting feature of AdoMet metabolism is that S. cerevisiae is able to resynthesize methionine from metabolites resulting from AdoMet utilization. Two pathways are known to synthesize methionione from AdoMet in yeast cells; the first leads from S-adenosylhomocysteine (resulting from the demethylation of AdoMet) to homocysteine and then to methionine, and the second leads directly to methionine from 5'-methylthioadenosine (produced from AdoMet mainly in the biosynthesis of polyamines). As emphasized by Tabor et al. (26) , in Escherichia coli about 90% of intracellular AdoMet is involved in methylation. If the same figure applies in the case of S. cerevisiae, the cycle back to methionine from AdoMet would go mainly by the intermediary of S-adenosylhomocysteine and homocysteine. These salvage pathways are of interest because they would allow the cell to bypass the sulfate assimilation pathway, which requires a high expenditure of energy. This would require that the de novo synthesis of methionine from its constituents be tightly regulated. Homocysteine is the branch point of the biosynthesis of methionine and AdoMet from O-acetylhomoserine on the one hand and of the main salvage pathway to methionine from AdoMet on the other hand. The drylase, encoded by the MET25 gene. Thus, regulation of the synthesis of this enzyme is important with respect to energy when the cell uses the salvage pathways.
With every yeast gene studied so far, expression above the basal level requires an activator that binds to an upstream activation site (UAS) (for reviews, see references 1 and 8). Some yeast genes have, in addition to the activation site, an operator site which mediates negative control. The bestcharacterized repressor in yeast cells is the MATa2 protein, which has been shown to bind directly to a specific operator sequence (14) . However, the mechanism of repression, especially in metabolic pathways, is far from being as well understood as gene activation (8) .
We decided to study the molecular mechanism underlying the negative regulation acting on the expression of MET genes in S. cerevisiae. We chose MET25, which catalyzes the synthesis of homocysteine from O-acetylhomoserine, because, for the reasons cited above, we suspected that regulation of its expression would be more complex than for the other MET (17) .
Recombinant DNA methods. Plasmid purification was performed as described by Ish-Horowicz and Burke (9) . Northern (RNA) blotting with total cellular RNA was done as described by Thomas (29) . Probes were made radioactive by random-priming DNA labeling as described by the supplier.
Transformation. E. coli was transformed as described by Enzymatic assay. Cells from 10-mI cultures in the exponential phase of growth were centrifuged, washed once with extraction buffer, and suspended in 0.2 ml of the same ice-cold buffer. About 0.2 ml of glass beads (0.45-mm diameter) was added. and the cells were disrupted by agitation with a vortex mixer at maximum speed (10-s agitation. 1-min cooling on ice). repeated 10 times. After 0.5 ml of the same buffer was added, cell debris and glass beads were eliminated by centrifugation at 0°C. For O-acetylhomoserine sulfhydrylase, the extraction buffer was 100 mM Tris hydrochloride (pH 8); enzyme activity was assayed as described by Wiebers and Garner (30) , the homocysteine formed being estimated by the method of Kredich and Tomkins (13) . For ,B-galactosidase, the extracts were made in Z buffer, and enzyme activity was assayed as described by Miller (19) . at least two strains were tested for O-acetylhomoserine sulfhydrylase activity (Fig. 2) . With respect to enzyme activities after growth in minimal medium, a regulatory region located about 300 bp upstream of the ATG was localized by the overlapping deletions AF. AG, and AH to a 108-bp region (between positions -253 and -362), the flanking deletions AE and Al expressing about 50% of the wild-type enzyme activity. We tried to narrow this regulatory region to less than 108 bp by constructing deletions AF1, AF2, AF3, and AF4 (Fig. 3) . O-Acetylhomoserine sulfhydrylase activities found in the strains with these deletions (except for AF3) were somewhat higher than the activity found in the strain with the AF deletion.
With respect to O-acetylhomoserine sulfhydrylase activity after growth in the presence of methionine (repressing conditions), we did not identify a region which, once deleted.
would lead to a complete loss of repression (Fig. 2) . Nevertheless, deletions AA. AB, AC. and AD showed three to eight times more enzyme activity than did the control grown in the same conditions. These deletions covered a 105-bp region (positions -270 to -165) containing the sequence 5'-GAAA ACTGTGG-3'. which has also been found in the 5' regions of the coregulated genes SAMI, SAM2. MET2. and MET3 (27: Fig. 4 ). This sequence is probably involved in repression, although not by aw simple mechanism because its deletion, even in AC. which lacked only 35 bp of the MET25 (Fig. 3) , 0-acetylhomoserine activity was lower after growth in methionine than after growth in minimal medium.
(ii) Northern blot analysis. After growth in minimal medium of strains bearing different deletions, total RNA was extracted and used for Northern blotting, with a radioactive MET25 fragment used as a probe. The results (Fig. 5) (4, 15, 27, 28) . We found a short sequence, 5'-TCACGTGA-3', that occurred twice in the regulatory region of MET25 as defined by the AF deletion (boxed in Fig. 3 ). This 8-bp sequence was found in the 5' regions of three of the related genes cited above but not in SAMI (Fig. 6) . Analysis of the results of Fig. 2 and 3 in relation to these sequences showed that deletions AF and AF3, lacking both sequences, had the lowest activity, 10% of the control level. Deletions AF1, AF2, and AF4, lacking the second regulatory sequence, had about 15% of the control activity. The AG deletion, which lacked the first regulatory sequence, had 30% of the control level of activity.
AH, which had low activity (15% of the control level), differed from AG, which was more active, only by the deletion of stretches of thymine residues that were found upstream of the AF deletion. This fact suggests that these thymine residues may play a role in transcription of the gene, as has been shown for the HIS3 gene (24 homoserine activity was tested in the strains bearing these new mutant MET25 genes (Fig. 7) . The Evidence for posttranscriptional control of MET25 expression. We have shown previously, using strain CC435-6C doubly disrupted for the SAMI and SAM2 genes and thus unable to transform methionine into AdoMet, that AdoMet, not methionine, is the external signal of repression of 0-acetylhomoserine sulfhydrylase (27) . In the study described here, we grew the parental strain CC359-0L2 and strain CC435-6C in different media, and the steady-state level of MET25 mRNA was measured by Northern blotting (Fig. 8) . For strain CC359-OL2, gene expression was completely repressed by growth in the presence of 2 mM DL-methionine or 0.2 mM AdoMet. With 0.05 or 0.1 mM AdoMet, the level of MET25 mRNA was comparable to that after growth in minimal medium. For strain CC435-6C, expression of MET25 was not decreased by addition of methionine to the growth medium, again providing evidence that AdoMet and not methionine is the external signal for regulation. Once again, the presence of 0.1 mM AdoMet in the medium did not promote repression of MET25 mRNA synthesis, whereas the presence 0.2 mM AdoMet did.
The results of enzymatic assays (Table 2) showed that the level of O-acetylhomoserine sulfhydrylase paralleled the level of steady-state mRNA except when cells of both strains were grown in the presence of 0.1 mM AdoMet; in the latter case, the steady-state level of mRNA was maximal, whereas the specific enzyme activity was at its repressed level. This result indicates the existence of a posttranscriptional regulation of O-acetylhomoserine sulfhydrylase synthesis.
We made a gene fusion with lacZ as described in Materials and Methods. This fused gene was integrated near the chromosomal LEU2 gene by conventional methods, yielding strain C114, and 3-galactosidase activity was assayed in this strain after growth in different media. 1-Galactosidase activity was not modified by growth in the presence of 0.05 mM AdoMet. When strain C114 was grown in the presence of 2 mM DL-methionine, 0.1 mM AdoMet, or 0.2 mM AdoMet, only 20% of the activity found in minimal medium was Gene Sequence reached. These results parallel those found for O-acetylhomoserine dehydrogenase in strain CC359-OL2 ( Table 2 ). The decrease in activity after growth in the presence of 0.1 mM AdoMet indicates that the observed posttranscriptional repression is most probably targeted at the 5' region of MET25 mRNA, although we cannot rule out a role of the first 17 amino acids of the MET25-encoded protein.
DISCUSSION
The experiments reported here reveal two important aspects of the regulation of expression of a MET gene in S.
cerei'isiae. First, we identified the presence on the MET25 gene of a UAS that was not found by previous experiments using plasmids (22) . This UAS contains a sequence of dyad symmetry that is repeated on the MET25 promoter and also found repeated in the coregulated genes. Analysis of the effects of deletions AF, AF1, AF2, AF3, AF4, AG, and AH with regard to these conserved regulatory sequences showed that (i) the stretches of thymine residues situated upstream of the UAS are important for maximal MET25 transcription, (ii) the position of the dyads is probably important for maximal induction, and (iii) the presence of two dyads is necessary for maximal ME725 expression.
This last point was further illustrated by the use of synthetic duplexes. The presence of one copy of OliB resulted in the highest attainable activity (about 43% of maximal activity and comparable to the activity of AE), whereas one copy of oliA resulted only in 26% of maximal activity. This result is certainly due to the fact that the core of this sequence is a perfect palindrome, CACGTG, whereas olIA contains the sequence CACATG. If two copies of OliB were showing that the RNA concentrations in all lanes were similar. present, 100% of the O-acetylhomoserine sulfhydrylase activity was reached.
We have analyzed deletions from the TATA box up to position -546 of the promoter region of ME7T25. This analysis has not provided evidence of a site which, once deleted, would give a constitutive level of transcription.
The second important result described here is the existence of posttranscriptional as well as transcriptional regulation. The existence of dual regulation and posttranscriptional regulation mediated by AdoMet has already been described. It was shown that untranslated MET25 mRNA accumulated in cells grown in the presence of 0.1 mM AdoMet (25) . The results reported here are in accord with these previous findings, as we have strong evidence that O-acetylhomoserine sulfhydrylase synthesis is regulated not only by modulation of mRNA synthesis but also by a superimposed regulation probably targeted at the 5' region of the ME725 mRNA. Under conditions in which this regulation is acting (0.1 mM AdoMet), the untranslated mRNA could accumulate in the cell (25) and be readily translated when repression is relieved.
